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ABSTRACT 


The  significance  of  this  research  and  development  to  the  Air  Force  is 
that  a  new  type  of  electromagnetic  window  panel  was  designed  and  tested 
that  exhibited  a  bandwidth  of  10:1  or  greater.  Empirical  data  are  included 
on  both  flat  panels  and  curved  panels.  A  typical  panel  that  operates  from 
4  GHz  to  40  GHz,  having  90  percent  or  better  transmission  coefficient  from 
0°  to  60°  angle  of  incidence  range,  is  1.5-inches  in  thickness.  The  inner 
and  outer  surfaces  of  the  panel  are  either  grooves  or  pyramids.  This  type 
panel  design  has  excellent  circular  polarization  characteristics,  since  the 
amplitudes  of  the  parallel  and  perpendicular  components  are  near  equal  and 
since  the  insertion  phase  delays  for  the  two  components  are  approximately 
the  same.  Antenna  radiation  pattern  measurements  are  included  that  also 
verify  the  broadband  characteristics  of  these  panels.  Data  are  also  pre¬ 
sented  on  a  computer  analysis  program  of  transmission  through  an  anisotropic 
medi«.  Ihe  analytical  results  compare  favorably  with  the  measured  data. 
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S*'  CION  I 


INTRODUCTION 

This  report  describes  the  results  of  a  research  program  to  design, 
fabricate,  and  test  broadband  panels  (both  flat  and  curved).  The  trans¬ 
mission  tests  covered  the  2-36  GHz  frequency  range. 

The  main  goal  of  the  program  was  to  develop  techniques  whereby  the 
panels  would  operate  from  2  GHz  through  36  GHz  with  a  transmission  efficiency 
of  at  least  70  percent  for  all  incident  angles  up  to  ±60°.  Based  on  weight 
and  thickness  considerations,  the  panel  designs  presented  herein  operate 
from  near  4  GHz  through  at  least  40  GHz. 

The  basic  panel  design  is  discussed  in  detail  in  Interim  Report  No.  1 
[1]  and  is  reviewed  in  Section  II  of  this  report.  Also,  the  anisotropic 
dielectric  panel  analysis  is  reviewed  in  Section  II.  A  computer  program 
has  been  developed  which  allows  predictions  to  be  made  of  the  performance 
of  any  anisotropic  dielectric  panel. 

The  designs  of  broadband  flat  panels  and  curved  panels  are  outlined  in 
Section  III.  The  design  details  are  presented  in  this  Section  and  the 
measured  transmission  data  are  included  in  Section  IV.  A  rain  erosion 
coating  placed  on  the  panel  surface  was  used  in  some  of  the  tests  and 
these  results  are  also  presented.  Radiation  patterns  of  an  array  were 
measured  using  the  curved  panel  as  a  radome  and  these  patterns  are  shown 
in  Section  IV. 

Comparisons  of  measured  data  and  predicted  data  are  made  in  Section  V. 
The  comparisons  are  very  good  indicating  that  the  computer  analysis  accounts 
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Eor  an  reflections .  A  few  of  the  problem  areas  associate,  vith  this  type 

structure  are  presented  in  Section  VI. 

The  Conclusions  and  Reconssendatlons  are  covered  in  Section  VII.  An 

evaluation  of  proportion  constants  and  directions  of  propagation  that  aid 
ln  the  explanation  of  the  computer  analysis  program  is  found  in  Appendix 
A.  Appendix  B  is  a  compilation  of  typical  transmission  data  and  radiation 

pattern  data  utilizing  the  broadband  panels. 
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SECTION  II 


ELECTRICAL  THEORY 


1.  Introduction 

The  proposed  broadband  panel  concept  was  based  on  previous  work  at 
Georgia  Tech  sponsored  by  the  Air  Force  Avionics  Laboratory  [2,3]  .  The 
rationale  for  this  concept  and  the  Initial  design  analysis  are  sunmarized 
in  this  Section.  It  was  apparent  during  the  first  phase  of  the  program 
that  accurate  prediction  techniques  were  required  to  determine  the  trans¬ 
mission  properties  of  the  broadband  panel  concept,  because  the  measurement 
of  these  properties  in  the  laboratory  was  very  time  consuming.  A  computer 
aided  anisotropic  dielectric  panel  analysis  has  been  generated  and  is 
discussed  in  this  Section. 

2 .  Initial  Panel  Concept 

Reflections  from  panels  can  be  eliminated  by  smoothly  changing  the 
dielectric  constant  of  the  panel  from  a  value  of  1.0  at  the  inner  and  outer 
surfaces  to  an  arbitrary  value  in  the  interior  [4] .  This  method  of  obtaining 
broadband  panels  is  an  application  of  Richmond's  [4]  WKB  solution  for  plane 
wave  transmission  through  inhomogeneous  plane  layers.  For  the  case  of  a 
lossless  panel  with  a  relative  dielectric  constant  near  unity  just  inside 
the  panel  on  both  sides,  the  interface  reflection  coefficients  are  near 
zero  for  both  polarizations  Under  the  conditions  for  which  the  WKB  solu¬ 
tion  is  valid  [4],  the  transmission  coefficients  for  both  polarizations 
are  unity,  the  insertion  phase  delays  of  the  parallel  and  perpendicular 
components  are  equal,  and  the  phase  of  the  transmitted  wave  depends  only 


on  the  average  value  of  the  expression  T^U)  -  sinV  in  a  panel  of  thick 
ness  d,  where  K  is  the  relative  dielectric  constant  of  the  dielectric 
panel,  z  is  the  distance  measured  from  the  surface  of  the  panel  toward  the 

interior,  and  9  is  the  angle  of  incidence. 

The  main  problem  with  applying  these  results  is  that  of  realizing  a 
practical  structure  that  has  the  required  variation,  Kr(z).  of  dielectric 
constant.  That  is, 

(1)  Kr(°)  *1-0  (incident  point), 

(2)  ^(d)  “1.0  (exit  point),  and 

d  K  (z)  2  3/2 

(3)  |— ^ - 1  «  2k  P<r(z)  -  sin  9] 

In  utilizing  these  results  for  the  design  of  panel  No.  1  (Figure  1), 
additional  design  data  were  required.  As  previously  reported  [1],  the 
spacing  restriction  between  the  grooves  is: 

2  ^ - r  .  (1' 

°  7^+./^  lsln9il  . 

where 

=  angle  of  incidence, 

K1  »  l  (free  space  dielectric  constant), 

K2  »  dielectric  constant  of  panel  material,  and 
2l  ■  center-to-center  spacing  of  the  strips  . 


There  is  also  a  restriction  on 


the  rate  of  change  of  the  dielectric  constant 


v.ir'  distance.  The  restriction  for  which  the  WKB  solution  is  valid  is 


given  by 


«  r  tKr(z)  - 

0 


4  2ai3/2 

sin  9] 


(2) 


where 

K  (z)  *  real  part  of  complex  permittivity  function,  and 
\  =  operating  free-space  wavelength. 

It  is  also  known  that  it  is  necessary  to  have  a  gradual  transition  from 
air  to  so  that  there  is  a  practical  restriction  on  the  taper  of  the 
strips  . 

The  strip  spacing  for  panel  No.  1  was  0.25 -inch.  From  Equation  2,  the 
upper  frequency  limit  was  calculated  to  be  approximately  18  GHz.  A  total 
thickness,  d,  of  the  panel  was  chosen  to  be  1.5  inches.  Upon  measuring 
the  transmission  properties  of  this  panel,  the  upper  frequency  where  the 
transmission  decreased  below  90  percent  was  about  18  GHz.  The  lower  fre¬ 
quency  cut-off  was  4  GHz.  The  transmission  properties,  both  amplitude  and 
phase,  of  panel  No.  1  were  excellent  from  4  GHz  to  18  GHz.  These  data 
are  presented  in  Section  IV  and  compared  to  calculated  data  in  Section  V. 


3 .  Anisotropic  Panel  Analysis  -  Formulation  of  Problem 

As  indicated  in  the  preceding  discussion  of  the  initial  panel  design 
analysis,  the  upper  and  lower  frequency  limits  of  operation  could  be  rea¬ 
sonably  predicted.  In  order  to  establish  design  criteria  and  prediction 
techniques  for  broadband  panels,  an  analysis  was  completed  and  included 
a  computer  program  that  modeled  the  type  panels  designed  on  this  program. 
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Consider  a  series  of  planar  slabs,  as  shown  in  Figure  2,  that  are  in¬ 
finite  in  the  ,±  x  and  4:  y  directions,  that  are  perpendicular  to  the  z  axis, 
and  each  of  which  is  linear  and  homogeneous  in  permittivity  and  permeability 
but  possibly  anisotropic  in  its  permittivity.  Let  there  be  a  total  of  N 
slabs  including  the  semi-infinite  isotropic-dielectric  regions  on  either 
side  of  the  central  slabs.  In  the  m-th  slab  (for  m  ■  1,  2,  . .  .N)  assume 
that  the  rectangular  components  of  the  permittivity  tensor  are  given  by 


m 


r*  o  on 

r 

o 

o 

is 

L 

X 

X 

m 

m 

0  C 

■  C 

0  K 

ym 

o 

ym 

0  0  C 

o 

o 

l-  z_-J 

l-  z 

(3) 


m 


m 


where  e  ,  c  ,  and  e  are  all  constants,  c  is  the  free  space  permittivity, 
xm  ym  Zm 

anr.  K  ,  K  ,  and  K  are  the  dielectric  constants  in  the  principal  coordin- 
x  y  z 

m  m  m 

ate  directions.  Also  assume  that  the  permeability  of  all  layers  is  y,  where 

U  is  a  scalar  constant.  Let  the  m-th  slab  start  at  z  ■  d  end  at  z  *  d 

m-1  m 

and  have  a  thickness  J6  .  The  total  thickness  of  all  finite  thickness 

m 

dielectric  slabs  will  be  L. 

Let  E  and  H  be  the  total  electric  and  magnetic  fields,  respectively, 
m  m 

in  the  m-th  region.  The  field,  Em  will,  in  general,  be  composed  of  an 

incident  field  E^  and  a  reflected  field  E^  so  that 
m  m 


m 


E.  +  E 
i  r 
m  m 


(4) 
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Figure  2.  Geometry  of  Homogeneous,  Anisotropic  Slabs 


Let  us  now  assume  that  only  plane  waves  exist  in  each  layer.  Since  each 
layer  is  dielectrically  anisotropic,  in  general,  then  both  the  incident  an 4 
the  reflected  fields  will  in  general  contain  ordinary  and  extra-ordinary 
wave  components  [  5,6] -  Hence  the  incident  and  reflected  fields  can  be 
written  as 


(5) 


E 


r 


E° 

r 


r 


m  m  m 

In  general,  consists  of  many  waves  traveling  in  different  directions 
m 

with  different  propagation  constants.  The  same  statement  can  be  made  for 

- g  - O  - 0 

E^  ,  E  ,  and  E  .  To  illustrate  this  point,  consider  a  single  wave  in- 
m  m  m 

cident  from  region  1  onto  region  2.  This  wave  will  split  into  two  compon¬ 
ents  [  7]  when  it  strikes  the  anisotropic  region  2.  Upon  striking  region  3, 
each  wave  from  region  2  will  split  in  two.  Hence,  progressively  more  waves 
are  present  as  one  moves  from  left  to  right.  Handling  all  of  these  com¬ 
ponents  g»;ts  very  complicated;  therefore,  a  simplification  is  made.'  It  is 
shown  in  Appendix  A  that  if  (a)  each  slab  is  uniaxial  (or  isotropic), 

(b)  the  optical  axis  of  each  layer  lies  in  the  x-y  plane,  and  (c)  each 
optical  axis  is  either  parallel  of  perpendicular  to  all  other  optical  axes 
then  (1)  only  one  ordinary  and  one  extraordinary  component  exists  for  each 
E°  (similarly  for  E®  ,  iP  ,  E®  )  and  (2)  the  incident  and  reflected  waves 


m  m  m  m 

in  n  medium  have  the  same  ordinary  (and  extraordinary)  propagation  constants. 
Assumptions  (a),  (b) ,  and  (c)  will  be  made  in  all  that  follows. 
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Hence,  let  3°  and  3e  be  the  propagation  constants  of  the  ordinary  and 
m  m 

—TO  —0 

extraordinary  waves,  respectively,  in  the  m-th  region,  and  let  n^  ,  n^  , 

_  _  —  tn_  m 

n°  ,  and  ne  be  the  direction  of  propagation  of  E°  ,  E®  ,  E°  and  Ee  , 

r  r  l  i  r  v 

mm  tn  m  in  m 

respectively. 

By  assumption  (a)  above,  each  slab  is  uniaxial.  According  to  Born  and 
Wolf  [ 5]  and  to  Jones  [  8J ,  for  a  uniaxial  crystal  the  electric  flux  density 
D  of  the  ordinary  wave  is  perpendicular  to  the  principal  plane  while  D  of 
the  extraordinary  wave  lies  in  the  principal  plane.  The  principal  plane  is 
defined  to  be  the  plane  containing  the  optic  axis  and  the  direction  of  pro¬ 
pagation.  Thus  in  each  region  there  are  four  principal  planes,  one  for 
each  of  the  four  components  in  (5)  . 

A  rectangular  coordinate  system  will  now  be  established  for  each  of 
these  four  components  in  terms  of  the  principal  planes  .  For  brevity,  let 

—  — TQ  — 0 

n^  represent  any  of  the  four  directions  of  propagation  vectors  n^  ,  n^  , 

-o  -e  -  m  tr 

n  ,  and  ne  .  Let  u  be  a  unit  vector  in  the  direction  of  the  optical 
r  r  c 

m  m  m  _ 

axis  in  the  m-th  region.  Notice  that  u  is  independent  of  which  of  the 

tn  _  _ 

four  direction  of  propagation  vectors  is  selected  for  n  .  Let  u  be  a 

m  j. 

m 

unit  vector  perpendicular  to  both  the  optical  axis  and  the  direction  of 
propagation  n  such  that 


u 

"Sn 


n  x  u 
m  o 

m 


n 

m 


x  u 

o 

m 


(6) 


Notice  that  u  depends  on  which  direction  of  propagation  is  selected  for 
—  m 

n^.  Finally,  an  orthogonal  coordinate  system  will  be  completed  by  defining 


a  unit  vector  u  in  the  principal  plane  such  that 
m 


10 


U  XU 

°m  Jm 


m  u  x  u 
o  J. 
m  m 


Substituting  (6)  into  (7)  gives 


u  x  (n  x  u  ) 
o  mo 

m  m _ ra_ 

11  m  u  x  (n  x  u  ) 

o  m  o 

m  m 


n  -  u  (n  u  ) 
m  o  m  o 

_ m _ m_ 


m  n  -  u  (n  u  ) 
m  o  m  o 
m  m 


The  orientation  of  u  ,  u  ,  u  ,  and  n  are  shown  in  Figure  3 .  Notice  that 

o  ±  ||  m 

_  _  _  m  m  m  _ 

u  ,  u  and  n  are  coplanar  in  the  principal  plane  and  that  u  is  per- 
°m  "m  “  Xm 

pendicular  to  this  plane. 

The  unit  vectors  u  ,  u  ,  and  u  form  a  right-handed  rectangular  co- 
°m  xra  "m  _  _ 

ordinate  system.  The  ordinary  component  of  D  is  colinear  with  u  arid  the 

—  “4n 

extraordinary  component  of  D  lies  in  the  principal  plane  as  shown  in  Figure 
3.  Since  each  layer  is  uniaxial,  the  dielectric  constant  is  independent  of 
direction  in  any  plane  trans\  ''.rse  to  the  optic  axis.  Thus,  by  choosing 


u  ,  u  ,  and  u  as  the  axer.,  the  permeability  tensor  can  be  reduced  to 
m  Xm  m  _  _ 

diagonal  form  with  the  u  aivi  u  components  of  the  tensor  being  identical. 

m  _  _ 

Thus,  the  components  of  E  along  the  u  and  u  transfer  into  the  extra- 

_  °m  _m 

ordinary  component  of  D  and  the  component  of  E  along  u  transfers  into  the 

_  "Sn 

ordinary  component  of  D. 
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OPTIC  AXIS-«om 


PRINCIPAL 

PLANE 


EXTRAORDINARY 


nm«  DIRECTION  OF 
m  PROPAGATION 


Figure  3.  Orientation  of  the  Unit  Vectors  and  the  D  Field 


in  Layer  m. 


Figure  4.  Orientation  of  the  Optic  Axis  in  the  m-th  Region 


Figure  5.  Direct 


ion  of  Piopagation  of  Incident  Wave. 


From  the  preceding  observations  and  the  above  notation,  the  components 
of  the  field  in  (5)  may  be  written  as 

E?  -  u1  E1  exp  (-j3°  n?  •  r) 

V  -Sd  m 

E®  «  (u  eJ  +  uj  E*  )  exp  (-jP®  n?  *  r) 

I  o  o  I  ml 

m  m  m  m  "m  m 


?  e'  exp  (-J0”  n"  •  r) 

rm  "Sn  "Sn  rm 


k  “(uo  eo  E;>exp(-j^  •*> 

m  m  m  m  m  m 


where  E*  ,  E*  ,  E^  ,  Er  ,  Er  ,  and  Er  are  complex  constants  representing 

°m  Jm  "«  °m  V  “» 

the  complex  amplitude  coefficients  and 


5? 

m 

X 

u 

o 

m 

.  A 

-o 

n. 

X 

u 

i 

o 

m 

m 

“O 

_ 

n 

X 

u 

r 

m 

o 

m 

_  A 

—o 

— 

n 

X 

u 

r 

0 

m 

m 

n® 

u 

<n® 

i 

o 

i 

m 

m 

=; 

- 

u 

0 

<3 

■*  «  M  *  V* 

Xxm  yV  zxn 


cxm  y\,  zxm 


xii’  yii  ’  z II 
m  m  m 


m  m  m  m 


n  -  u  (ne  *  u  ) 

,  r  o  r  o 

~r  A  m  m  m  m  A  ,  r  r  r 

u  *  •  -  B  (u  ,  u  ,  u  ) 

II  e  —  v  x||  *  y||  *  z|| 

m  n  -  u  (n  •  u  )  m  J  ra  m 

r  o  r  o 

m  m  m  m 


and  the  symbol  ■  means  "defined  as". 
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The  magnetic  field,  H„,  associated  with  !_  can  be  obtained  from  the 
Maxwell  equation 


7  x  E  *  -jwpH 

m  m 


Tl 


iis  last  equation  combined  with  (4)  and  (5)  gives 


H  =  f  -  [’  x  E°  +  v  x  E° 
m  im  rm 

Substituting  (9)  into  (11)  produces 


+  7  x  Eil  +’x?] 


m 


m 


(ID 


U 


^  [n°  xu1  E1  1  exp  (-JB“ 

^  Sn  "Sn  "San  ™ 


o  “o 


m  ju|J- 


r) 


f3c 


+  ^  [n°  x^  Er  1  exp  (-jP“  nj  ’  r> 
^  rm  "Sn  ‘Lm  “ 


m 


+  xu  E*  +S  eJ  1  exp  (-jp;n“ 

"V  ‘m  °m  °m  V  "m  "m 


ae  re 


r) 


+  -B  l?  X  ;  E'  +  ^  X  ^  eJ  1  exr  (-JB*  3J  '  *)  (12) 

The  next  major  objective  In  the  derivation  ie  to  match  the  tangential 

components  of  the  electric  and  magnetic  intensity  vectors  at  each  Interface. 

To  accomplish  this.  It  is  expedient  to  have  explicit  expressions  for  the 

tangential  components  of  i„  end  H^.  To  facilitate  this  matching  of  the 

fields  and  since  the  optic  axes  have  been  constrained  to  lie  in  the  x-y 

plane,  the  optic  axis  in  the  m-th  region  will  be  specified  by  an  orientation 

angle  9  with  respect  to  the  x  axis  as  shown  in  Figure  4  .  Thus, 

6  m 
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(13) 


u  ■  cos  9  a  +sin9  a  +0a 
o  rax  my  z 

m  1 


Matching  tangential  E  and  H  at  2  ■  requires  that 


E 

-  E 

(14) 

Xm+1 

X 

ra 

E 

-  E 

(15) 

^m+1 

ym 

H 

Xm+1 

-  H 

X 

ra 

(16) 

H 

“  H 

(17) 

^m+1 

at  z  ■  d^.  Equation  14  can  be  written  out  explicitly  using  (4),  (5),  (9), 
and  (10)  .  The  result  is 


,fle  e  ,  -j  -  n°  d 

_i  ^  m+1  nzi  .  m  i  _i  Znrilm 

cos  0  E  e  m+1  +  u  E  e 


m+1  o 


tn+1 


XjWl  xm+l 


-l3e  n€  d  -10e  ,  ne  d 

1  „l  "+1  2l,*l  “  „  „r  n''1  2r»fl  n 

**mfl  "nrt-1  "ril  Vl 

-JP°  n°  d  -je2  ne  d 

t  r  ■H  zrm+l  "  .  r  „  n+1  zrrrt-l  " 

+  u  E  e  +  U  E  e 

5Cxm+l  xm+l  m+1  m+1 


-j0e  ne.  d  -j(3°  n°.  d 

.  J  m  zi  m  .  .  Jmzim 

«  pi  HI  ■  _iL  in 

cos  9  E  e  +  u  E  e 


m  o 


m 


cxra  xm 


-jPe  ne  d  -jPe  ne  d 

j  .  m  zi  m  _  m  zr  m 

+  u  E  e  m  +  cos  0  E  e  m 

x  _  IL  m  °m 

ram  m 
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-10°  n°  d  -jP®  n*  d 

J  m  z-  m  „  _  m  zr  m 

+  ur  Er  e  m  +  u*  E*  e 

Xlm  xm  mm 


In  a  similar  fashion  (15)  can  be  written  as 


(18) 


-10®  ne  d  -j3°  n°,  dm 

i  j  10+1  zim+l  m  i  „i  nH'1  Zim+1 

sin  0  ..  E1  e  +  u  E  e 

m+1  o 

m+1 


yim+l  -Wl 


-J0®  n®  d 

i  i  m+1  zim+l  m  ^  .  _r 

+  u  E  e  +  sin  0_^,  E_  e 


■JP*  ne  d 

mf!  zr^  m 


y  11  m+1  "m+1 


nr+1  o. 


nr+1 


-jP®  n°  d 

j  rrv4-1  y  T 


m+1  zr  ,,  m 

+  “r  *r  *  ♦'Vu/wx* 


■iCl  dm 


yxm+l  "Sn+l 


-JP®  n*4  d  -j£  n°  d 

.  J  m  zi  m  .  .  m  zi  m 

■d..«  e  "  +  V  EL  6 

m  °m  yxm 

-jP®  n®.  d  -JP*  n®  d 

.  .  J  m  zi  m  m  zr  m 

+  u1  E1  e  m  +  sin  0  E*  e 

y"m  "m  m  °m 


+  ur  Er  e 
yxm  Xm 


- j  P°  n°  d 
m  zr  m 


m  ,  r  _r 

+  u  „  Em  e 

yiim  IL 

m  m 


■JP*  ne  d 
m  zr  m 
m 


(19) 


To  simplify  manipulations,  it  will  be  helpful  to  define  the  following 
terms .  Let 

-JP°  n°  d 

m  zi 

o.,>  _  m 

e  (d)  15  e 
m 

d 

e, ,»  _  m 

em  d)  e 
m 
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I 

1 

I 


•>1 


Then 


-je°  ,  n°.  i 
o  ,  .  "+l  “lm+l  " 

WV  ■ e 


-iKm  ”'i_  d* 

Ci<u  -  • 


(20) 


and 


.  Qo  o  . 
-jp  n  .  d 
m  zi  m 

o  /  .  v  in 

e  (d  )  -  e 
m  tn 


-j3®  ne  d 
ra  zi  m 

6  /  j  \  —  m 

en,(dm)  6 

m  m 


(21) 


Equations  (20)  and  (21)  will  be  used  as  a  shorthand  notation  for  the 

o  o 

expotential  terms  in  (18)  and  (19)  .  Notice  that  since  nzr  •  -  n^ 

m  m 

and  ne  -  -  n*  ,  all  exponential  terns  in  (18)  and  (19)  can  be  ex- 
zr  zi  * 

m  m 

pressed  by  (20'  or  (21)  or  by  their  conjugates,  e.g., 

-J@'  ne  d 

”fl  zrwfl  "  e*  ,,  , 

*  WV 


(22) 


By  linearity,  each  of  the  electric  intensity  components  in  (1-3)  must 
satisfy  the  Maxwell  equation 

n  •  D  ■  n  •  e  *  E  ■  0 


or 


n  •  R  •  E  -  0 


(23) 


For  E®  ,  (23)  becomes  with  the  aid  of  (9) 
m 


17 


/ 


n®  •  ["ft  •  (u  E*  +  u*  E*  )"]  ■  0 

Sn  L  m  °m  °m  »■  "m  J 


or 


n®  •  Ta 
i  x 

m  L 


(K  cos  6  E1  +  K  u1,  E*  ) 

X  ",  o  x  XI!  || 

m  m  m  m  m 


+  a  (*C  sin  0  E1  +  *  u1,,  E*  ) 

y  m  0  y  y  II  ll_ 

it.  m  mmm 


+  a  (K 
z  z 


m 


u1  E1  )  1  «=  0 
ziim  'L 

m  m  J 


or 


[• 

[■: 


.  K  cos  0  +  n  .  K  sin  0 

xi  x  m  yi  y  i 

ram  ;  m  ■'m  J  m 


3  1  E1 
m  o 

J  n 


+  In  ,  K  u  +  n  ^  u  +  n  K 
xi  x  x  yi  y  y||  zi  z 

mm  m  J  m  ■'m  J  m  mm  mj  m 


u1  V 
Z  V  J  "n 


or 


i  „  _i 
E  =  C  ,  E 
II  II  i  o 

m  mm 


(24) 


where 


n  .  K  cos  9  +  n®.  K  gin  0 

xi  x  ra  yi  y  m 

_ m  m _ J  m  ^m _ 

e  j <■  i  ,  e  ,,  i  ,  e  i 

xi  x  x  ||  yi  y  y||  zi  z  z| 

mmm  mmm  mmm 


Equation  (  can  also  be  applied  to  E  •  Noting  the  similarity  in  form 

m 

p  iM,lp 

from  (9)  l  leen  E^  and  Er  ,  we  can  replace  i  by  r  in  (24)  and  (25) 

m  m 


(25) 


(26) 


,  .  .  .  - 


where 


—  if  ..A  a  +  ne  ^  sin  9 
n  _  cos  T  nvr  v  10 

10  ;  HI 


_e 

xr  x_ 


m 


Vm  +  VB  KV  X +  %  X 


(27) 


Equations  (24)  and  <2«  can  be  used  to  eliminate  the  perallel  conponeat. 
of  the  field  in  (19)  and  (20)  and  obtain 

Jeos  0^  e^+i(dm)  +  “x,,^  em+l(dm)  CHim+1]  E°nH-l 


R  e°.i  (d)  E 

Lx-wi  111+1  mJ 


nrt-1 


*  g*  r 

+  ^cos  9m+l  Vl(dm)  +  "xl!^  ®tn+l(dm)  Sir^J  %+! 

+  Tur  e°  (d)1  ET 

Lxv+i  nrfl  J  vn 

"  [cos  6m  em(dm)  +  Ux|lm  C||iJ  \ 

+  [u1  e°(d  )1  E1 

LXJ-m  m  “J  ^ 

+  [“■  Sm  <  Wm>  +  Uxlln  W»>  0»rJ  „ 

+  t  e°*(d  )1  E* 

Lxxm  m  ^ 


(28) 


and 


19 


[sin  9m+l  em+l^dm^  +  “yll^  e®+1  m  '^m+lj  °tn+l 


+  ful  e°  ,(dm)]  E*- 

L  ’’'Sirt-l  m+1  "  J  X 


•Hn+l 


*  *  r 

+  [3in  9m+l  e^+l(dm)  +  “yll^  eo+l(dm)  V^l]  E°nrf-1 


+  [V  e°  ,(d  ) 
L  y-4iH-i  111+1 


1  Er 
J  Vu 


“  [  in  9m  em(dm)  *  Uyllm  C«0  \ 

+  Tii1  ®X)1  E 

L  m  m  J  ^ 

+  IV  e°*(Ol< 

L  yj-m  n  "J  ^ 


(29) 


The  x  and  y  components  of  (12)  must  be  obtained  in  order  to  equate 
the  magnetic  field  components  at  the  interface..  Obtaining  the.e  component, 
is  facilitated  by  using  the  vector  identity 

Axl«ax  (AyBz  -  AzBy)  +  ay  (A^  -  A^)  +  az  (k^y  -  AyBx) 

Applying  this  identity  to  (12)  allows  (16)  and  (17)  to  be  written, 


respectively,  as 


1,1+1  r 8in  9m+i. 


J  m+l  m 


r„°,  u1  -  n°  u1 
L  ylm+l  ZVH  ‘Vl  ' 


-3^1  V 


Lm+1  ZJ"m+l  zinrfl  yim+lJ  im+l 


e  re 
m+l  I  y 


[n\  u1 

Lylm+i  z 


z“m+l  Zim+1 


u1  ]  E* 

y'WiJ  ». 


-j£+i  <i 


!®  .  f-n®  sin  0 


- j 0®  n®  d 

nH-1  zvM  m 


■«  L  zvi  -1. 


fn°  ur 

L^m+l  Z 


4  ft0  — 0 

^m+1  zr 


o  r 
-  n  u 


^m+l  ZJm+l  zrm+l  yVuJ  Vhl 


[V^-i  “El.fi  '  ""m+l  “y". 


‘J  Cl  V 


"m+l  “m+l  ,Mm+lJ  "m+l 


ie  r  _e 


m  zi 


sin  6 


i  Ie1 

mJ  °ra 


-J0®  ne,  d 
J  in  zi  m 
in 


3°  (n°,  u1  -  n°.  u1  1 

m  L  yim  Zlm  zlm  yiJ 


-i0  n  .  d 

.  J  n  zi  m 

u1  1 E1  e 


“*  [v  "*«m  '  n°im  \i  J 

.  -3SI 

f-n®  sin  0  1  Er  e 
zr  ml  o 

l  to  J  m 


-J0®  n®,  d 

.  .  J  m  zi  m 

1  Ie1  e 


ae  r_e 


m  zr 


sin  0 


-J0®  n®  d 
J  m  zr  m 
m 


0°  (n°  ur  -  n°  ur  I  Er 
m  z^n  zrm  y^J  ^ 


-J0°  n°  d 
J  m  zr  m 
m 


—  •  \  - 


(31) 


-jpe  ne  d 

J  ®  zr™  m 
m 


+  Pm  [n«m  UM.  '  Vn  “*»„]  \ 

Equations  30  and  31  can  be  simplifi«i  by  using  (20)  and  (21),  (24)  and  (26). 


The  results,  respectively,  are 


o+l 


•"al  sin  Vl  W 

2  m+1 


m'  +  U* "sri-1  ’Vl  y,nrbl) 


*in(V  °»Vl 


E 


Dm+1 


+  P 


o+l 


+  Ci 


e°  ,(d  )  E 

111+1  m  V+i 


jv.H.1  “zxtri-l  ”Zlm+l  ySn+i] 

8l”  Vl  e^-l<d»  +  ("yrsrH  “* 


-  n 


z,1nr+l  zrm+l 


Uylw) 


Vl(dm)  C|rm+1 


°o+l 


+  P 


m+1 


Vnril  Uz^H-l  “m+l  y±tn+1J 


"  e°* (d  )  E* 

111+1  m  xm+l 


“®-  sin  8m  6m(d 


y  +  (”y!„  °M.  '  "'s,  x)  e"(dm)  C||1«]E°»> 

.0  r  o  s.1  -  n°  u1  e°(d  )  E1 
J  In  .  u  n-i  y I  I  in  o  x 

m  [^o  Z1m  Z  tn  yimJ  * 

*  i  •“  <  <v  *  (■»» 


+  P' 


m 
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Cl  Vl  en'+l(<’"  +  '***  * 


xVi  zlw 


Cl(dm)  CllinH.1j  E°m+1 
Ci  [“>vi  c°“  Vl  e"tl<‘‘,>  +  ("“«*  “* 


e°  (d  )  E* 

0+1  m  -hn+l 


f  -  "e  «$„ 
*'Wl  Xr»H  2"- 


Cl(d 


W  V  J  E°. 


To  r  .  °  ur  1  e° ,(d  )  s' 

X«  XWl  Z^\  '*» 


C  “•  ».  <‘d->  +  (”‘ln  X  '  X)^  °'V 

in  ' 

o  i  .  u1  1  e°(d  )  E1 

\  xl»  zvl  "  ^ 

„c  cos  e  e*  (d  )  +  (»*r  »*,!  *  V  “z«  )  *»  <d'")  C« 

zr  m  m  m  V  zrffi  *.nm  m  m/ 

m  x 


n  * 

0  r  o  r  .  n°  ur  e°  (d  )  E* 

»  [  zrm  XXm  Xrm  ZVJ  n  “  ^ 

„  examination  o£  (28),  (29),  (32),  and  (33)  reveals  that 
four  equations  can  be  written  in  the  following  tensor  fora. 


Anrtl^din^  ^H-l  Aai^dai^ 


where  E  and  E  are  column  vectors  and 
m  m+1 


E 


m 

i 

"Sn 

r 

3 

IQ 

!r 

"Sn 


(35) 


and  has  the  same  form  as  Em  with  m  replaced  bv  m+1. 

The  tensors  A  and  A  have  the  same  form  only  the  subscripts  are 
m  nrrl 

different.  The  argument  d  of  these  tensor  functions,  however,  is  the 

m 

same  for  both.  For  an  argument  d,  the  form  of  these  tensors  is  as  follows: 


A(d) 

m 


A11 

A12 

A13 

*14 

A21 

A22 

A23 

*24 

A31 

A32 

A33 

*34 

A41 

A42 

A43 

*44 

(36) 


where 
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The  system  of  equations  (34)  applies  at  each  interface.  This  group 
of’ equations  can  be  solved  by  the  following  procedure.  First,  invert  the 
tensor  on  the  left  side  of  (34)  and  obtain 
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From  (40)  it  can  be  seen  that 
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Since  medium  N  is  semi-infinite,  there  is  no  reflected  field  in  this 

region;  hence,  Er  ■  Er  "0.  Thus,  the  tensor  equation  (41)  can  be 
°N  xm 

partitioned  in  the  following  manner 
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This  last  equation  can  be  rewritten  as 


f  e  f  •  f  +  F  •  F 
fct  *1  Ci  2  r 


o  m  f  •  F  +  F  •  F 
U  Ci  4  r 


where 


(44) 


(46) 


(47) 


28 


C11  C12 


C21  C22 


C31  C32 


C41  C42. 


[C13  C14_ 

_C23  C24_ 


F4" 


C33  C34 


.C43  C44, 


and  0  is  a  two  element  column  matrix  of  zeros. 

In  most  applications,  the  incident  field  is  known  and  the  transmitted 
field  Et  snd  the  reflected  field  Er  must  be  found.  These  two  fields  can  be 
obtained  from  (44)  and  are 
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The  incident,  reflected  and  transmitted  fields  in  (49)  and  (50)  are 
specified  in  terms  of  optic  axis  coordinate  systems .  For  more  convenient 
usage  they  need  to  be  expressed  in  terms  of  rectangular  coordinate  f  — 
ponents .  If  the  incident  field  in  rectangular  components  in  medium 
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From  (46)  it  can  be  seen  that  (50)  through  (53)  specify  V 

It  the  incident  nave  in  region  1  is  propagating  in  a  direction  specified 
by  the  spherical  coordinate  angles  (8^  *t)  shown  in  Figure  5,  then 
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I.  will  be  assumed,  of  course,  that  only  one  wave,  the  ordinary  wave,  is 
incident  in  region  1. 

The  transmitted  \  and  reflected  field  \  are  expressed  in  optic-axis 
coordinate  components  an)  need  to  be  converted  in  rectangular  components. 
If  i  -  (E„,  E±,  E#)  is  the  optic  sxis  representation,  then  the  rectangular 

components  are 
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The  components  of  E  parallel  to  the  optic  axes  can  be  eliminated  ubing 
(26)  and  (24)  which  give,  respectively, 


This  analysis  has  teen  programed  on  a  digital  computer,  and  the  broad 
band  panels  have  been  eva.ua tod.  The  predicted  transmission  data  versus 
the  measured  data  are  presented  in  Section  V. 


SECTION  III 


BROADBAND  PANEL  DESIGN 

The  design  of  the  panels  that  were  tested  during  this  program  are  pre¬ 
sented  in  this  section. 

1 .  Panel  No .  1 

The  spacing,  2t,  of  the  grooves  and  the  thickness,  d,  of  the  panel 
were  chosen  to  be  0.25-inch  and  1.5  inches,  respectively,  as  indicated  in 
Section  II.  The  spacing  of  the  grooves  was  chosen  on  the  basis  of  designing 
a  panel  that  would  operate  satisfactorily  from  9  GHz  through  16  GHz.  The 
depth  of  the  grooves  was  chosen  to  be  0.625 -inch  and  it  was  felt  that  this 
would  be  a  sufficient  depth  for  operation  over  the  9-16  GHz  frequency  band. 

The  panel  was  machined  from  a  1.5-inch  thickness  Rexollte  1522 
material  which  has  a  relative  dielectric  constant  of  2.54  and  a  loss 
tangent  of  0.0002.  The  grooves  were  machined  horizontally  on  the  front 
surface  and  vertically  on  the  rear  surface .  This  type  groove  orientation 
was  chosen  to  obtain  the  same  insertion  phase  delays  for  horizontal  and 
vertical  polarization. 

The  panel  dimensions  wert?  24  inches  by  24  inches  by  1.5  inches.  This 
was  sufficient  size  to  obtain  iree  space  transmission  measurement  data. 

These  data  were  measured  at  incidence  angles  nf  0°  to  60°  in  5°  increments 
for  both  polarizations.  These  data  are  presented  in  Section  IV.  A  photo¬ 
graph  of  Panel  No.  1  is  shown  in  Figure  6. 
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2.  Panel  No.  2 

To  increase  the  upper  frequency  to  at  least  36  GHz,  Panel  No.  2  was 
designed  with  a  groove  spacing  of  0.125-inch.  All  other  dimensions  were 
the  same  as  Panel  No.  1.  Rexolite®  1522  was  again  used  as  the  panel  material. 
The  tapered  grooves  were  machined  and  due  to  the  close  spacing  between 
grooves,  sharp  edges  of  the  tips  could  not  be  maintained.  This  was  not 
noticeable  in  the  measurement  data . 

Free  space  transmission  measurements  were  made  on  Panel  No.  2  from  2 
GHz  to  36  GHz,  and  these  data  are  presented  in  Section  IV.  The  bandwidth 
of  the  panel  was  from  4  GHz  to  36  GHz  (bandwidth  is  defined  herein  as  90 
percent  or  better  power  transmission  coefficient) . 

3.  Pyramidal  Panel 

(B) 

A  third  Rexolite  panel  was  machined  with  pyramids  on  each  surface 
instead  of  the  grooves.  The  tip-to-tip  spacing  of  the  pyramids  was  0.25- 
inch  which  was  similar  to  Panel  No.  1.  Again,  the  overall  dimensions  of  the 
panel  were  24  Inches  by  24  inches  by  1.5  inches.  Transmission  data  were 
taken  on  this  panel  and  differed  very  little  from  the  data  of  Panel  No.  1. 

Some  of  these  results  are  presented  in  Section  IV.  A  photograph  of  the 
pyramidal  panel  is  shown  in  Figure  7. 

The  pyramidal  panel  was  then  modified  in  a  number  of  ways  to  determine 
the  effects  of  a  rain  erosion  coating  on  the  outer  surface  and  to  determine 
the  effects  of  foam-filled  grooves. 
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Since  the  grooved  or  pyramidal  panels  do  rot  present  a  smooth 


exterior  surface,  It  was  decided  to  place  a  rain  erosion  coating  over  the 
pyramidal  panel.  A  sheet  of  0.005-inch  thick  Mylar  was  first  placed  over 
one  surface  of  the  pyramidal  panel.  Measurements  were  performed  to  deter¬ 
mine  the  change  in  transmission  characteristics  due  to  the  Mylar  sheet. 

These  data  are  presented  in  Section  IV. 

b.  Rain  Erosion  Coating 

A  standard  Astrocoat  7110  rain  erosion  coating  was  painted  onto  the 
Mylar  surface  of  the  pyramidal  panel.  Three  thicknesses  were  used:  0.005- 
inch,  0.010-inch  and  0.020-lnch.  Free  space  transmission  measurements  were 
performed  for  each  thickness  and  these  data  are  discussed  in  Section  IV. 

c  .  Foam  Filled  Grooves 

Another  technique  used  in  obtaining  a  smooth  outer  surface  with¬ 
out  degrading  the  broadband  characteristics  of  the  pyramidal  panel  was  that 
of  filling  the  grooves  with  a  low  density,  low  loss  foam.  Type  EP-3  Isofoam 
was  used  to  fill  the  grooves  of  the  pyramidal  panel.  Free  space  transmission 
measurements  were  performed  on  the  panel  as  well  as  antenna  radiation  patterns 
of  an  antenna  placed  behind  the  panel.  These  data  are  presented  in  Section  IV. 

4.  Curved  Panel  Design 

An  important  application  of  a  broadband  antenna  window  is  that  of  pro¬ 
tecting  aircraft  ECM  antennas.  Some  of  these  multi-band  antennas  are  located 
on  the  leading  edge  of  the  aircraft  wing.  To  simulate  this  case,  a  curved 


broadband  panel  was  designed  and  fabricated  .  The  radius  of  curvature  of  the 
panel  was  2.5  Inches.  The  panel  shape  was  that  of  a  half-cylinder  with  a 
length  of  16  Inches .  Vertically  tapered  grooves  were  machined  Into  the 
outer  surface  and  on  the  Inner  surface  were  machined  horizontally  tapered 
grooves  (Figure  8).  The  spacing  of  the  grooves  was  0.25-inch,  similar  to 
Panel  No  .  1 . 

To  better  compare  the  effects  of  panel  curvature,  the  thickness  of  the 
tapered  grooves  and  the  groove  spacing  were  the  same  as  Panel  No.  1.  Trans¬ 
mission  tests  and  antenna  radiation  pattern  data  were  also  made  with  this 
panel . 

To  determine  the  effects  of  a  thin  protective  cover,  a  fiber  glass 
sheet  was  placed  over  the  exterior  surface  of  the  curved  panel.  Amplitude 
and  phase  transmission  data  were  obtained  on  this  configuration.  In  addi¬ 
tion,  antenna  radiation  patterns  were  made,  and  all  of  the  data  are  pre¬ 
sented  in  Section  IV. 


5.  High  Dielectric  Constant  Panel  Design  (Panel  No.  3) 

To  observe  the  effect  of  a  higher  dielectric  constant  on  the  panel 
design,  a  third  panel  was  machined  with  the  following  parameters: 


d  ■  0.625  inch, 
2 &  ■  0.25  inch, 
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Figure  8 


Cylindrical  Broadband  Panel. 
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width  *  24  inches,  and 
material  -  Emerson  and  Cuming  Stycast  Hi-K. 

nummary,  the  bandwidth  of  the  third  panel  decreaaed  considerably  a. 
compared  to  the  lower  dielectric  constant  panels.  This  is  partly  evident 
from  Equation  1,  since  an  increase  In  dielectric  constant  will  cause  an 
increase  in  the  denominator  o£  Equation  1.  Thus,  the  groove  spacing 
decreases  as  dielectric  constant  Increases.  Since  Panel  ho.  3  was  machined 
wich  a  groove  spacing  of  0.25  inch,  the  bandwidth  decreased  considerably. 
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SECTION  IV 


MEASURED  RESULTS 

Most  of  the  data  on  Panels  No.  1  and  No.  2  have  been  presented  in  the 
Interim  Report  [1].  For  completeness,  these  data  are  included  in  this  sec¬ 
tion  of  this  report.  Additional  data  included  are  the  results  of  the  Mylar 
cover  over  the  pyramidal  panel,  the  rain  erosion  coating  and  the  foam  filled 
grooves  of  the  pyramidal  panel.  The  transmission  data  obtained  on  the 
curved  panel  and  the  antenna  radiation  pattern  measurements  are  also  in¬ 
cluded  in  this  section. 

1.  Free-Space  Measurement  Technique 

The  transmission  properties  of  each  panel  were  determined  by  using  a 
microwave  phase  shift  bridge  technique .  The  insertion  phase  and  insertion 
loss  of  each  panel  were  measured  as  functions  of  frequency,  incidence  angle, 
and  polarization.  The  microwave  bridge  was  composed  of  a  reference  arm  and 
a  sample  arm  so  that  phase  information  c  tuld  be  obtained . 

Two  horn  antennas  were  mounted  in  the  sample  arm.  A  reference  test 
panel  was  mounted  perpendicular  to  the  horn  transmission  axis,  and  the  data 
measuring  system  was  adjusted  and  calibrated  so  that  the  reference  test 
panel  measured  transmission  properties  approached  those  of  a  theoretical 
flat  panel.  Upon  completion  of  the  reference  flat  panel  measurements, 
the  test  panel  under  consideration  was  placed  into  the  test  fixture. 
Transmission  measurements  were  performed  at  1.0  GHz  intervals  over  each 
waveguide  band  of  interest.  Radiation  pattern  measurements  were  made  at 
selected  frequencies  using  the  panels  as  antenna  windows. 


2.  Panel  No-  1  and  Panel  No.  2  Measured  Reaults 

The  insertion  loss  and  insertion  phase  shift  of  these  two  panels  are 
presented  in  Figures  9,  10,  11  and  12.  The  plots  are  for  the  0°  and  60° 
cases  only.  The  data  of  incidence  angles  between  0°  and  60°,  in  general, 
fell  between  the  two  curves  on  each  graph .  Both  horizontal  and  vertical 
polarization  data  are  shown.  In  comparing  the  phase  data,  it  is  significant 
to  note  that  the  insertion  phase  shifts  of  the  two  polarizations  are  nearly 
the  same.  This  indicates  that  the  panel  has  good  circular  polarization 
transmission  properties. 

The  amplitude  data  for  both  panels  show  very  little  insertion  loss 
over  the  broad  frequency  range.  As  indicated  in  Figure  9,  the  insertion 

I 

loss  for  Panel  No.  1  is  very  low  from  about  4  GHz  to  18  GHz.  Panel  No.  2 
has  excellent  transmission  properties  from  4  GHz  to  at  least  36  GHz.  This 
is  a  9:1  frequency  bandwidth  which  is  remarkable  for  a  panel  fabricated 
from  a  single  material. 

3.  Pyramidal  Panel 

As  previously  stated,  the  transmission  properties  of  the  pyramidal 
panel  are  about  the  same  as  those  of  Panel  No.  1.  The  upper  and  lower 
cut-off  frequencies  are  about  the  same  as  Panel  No.  1.  This  is  due  to 
the  0.25-inch  groove  spacing  and  to  the  depth  of  the  groove. 

The  pyramidal  panel  was  used  for  a  number  of  experiments  during  the 
program.  There  has  been  apprehension  about  the  aerodynamics  of  the  broad¬ 
band  panel,  so  three  methods  of  smoothing  the  outer  surface  of  the  panel 
have  been  evaluated.  They  are  discussed  in  the  following  paragraphs. 
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One  of  the  approaches  to  obtain  a  smooth  aerodynamic  panel  shape 
was  to  cover  the  ^external  surface  with  a  rain  erosion  coating.  The  rain 


erosion  coating  was  applied  to  a  thin  sheet  of  Mylar  and  the  combination 
Mylar/coating  covered  the  pyramidal  panel.  Transmission  tests  were  made 
of  the  panel  and  the  mylar  coating.  Little,  if  any,  effects  were  noted. 

A  slight  increase  in  Insertion  phase  shift  was  measured. 

b.  Rain  Erosion  Coating  over  Pyramidal  Grooves 

The  Olin  Astrocoat  7110  rain  erosion  coating  was  applied  in  thick¬ 
nesses  of  0.005-inch,  0.010-inch,  and  0.020-inch  to  the  Mylar  sheet.  Trans¬ 
mission  measurements  were  made  on  the  broadband  panel  for  each  thickness 
coating.  For  the  0.005-inch  rain  erosion  coating,  the  typical  X-band  inser¬ 
tion  phase  increased  by  about  5  degrees  and  the  change  in  transmission  loss 
was  less  than  0.1  dB  from  0°  to  60°  angles  of  incidence.  In  the  K^band 
frequency  range,  the  transmission  loss  remained  constant  at  0.1  dB  while 
the  insertion  phase  delay  Increased  from  5°  to  9°.  These  values  are  valid 
for  both  linear  polarizations . 

The  Mylar  sheet  was  coated  with  a  0.010-inch  thick  rain  erosion  coating 
and  placed  on  the  outer  surface  of  the  pyramidal  grooved  panel.  For  fre¬ 
quencies  between  8  GHz  and  13  GHz,  the  measured  transmission  loss  was  near 
constant  at  about  0.3  dB  while  the  insertion  phase  delay  increased  from 
10°  to  13° .  These  values  hold  for  both  linear  polarizations  and  for  angles 
of  incidence  less  than  10°. 

At  frequencies  between  14  GHz  and  18  GHz,  the  transmission  logs  re¬ 
mained  at  0.3  dB  for  horizontal  polarization  to  60°  and  for  vertical 
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polarization  to  40°.  The  vertical  polarization  transmission  deteriorates 
above  40°  incidence  angle  and  decreased  by  1.3  dB  at  60°  angle  of  Incidence. 
The  phase  change  was  very  smooth  (13-17  c?prees)  to  60'  . 

The  0.005 -inch  thickness  mylar  sheet  was  coated  with  several  layers 
of  the  Astrocoat  until  a  combined  thickness  of  0.020-inch  was  obtained. 

This  sheet  was  then  used  as  a  cover  for  the  pyramidal  plate,  in  both  the 
foamed  and  unfoamed  configurations,  while  transmission  data  were  taken. 

Very  little  amplitude  change  was  noted  for  horizontal  polarization, 
while  significant  changes  occurred  for  vertical  polarization.  For  low 
incidence  angles,  both  the  foamed  and  unfoamed  panels  caused  a  reduction 
of  about  0.35  dB  in  the  transmitted  signal;  however,  as  the  incidence  angle 
increased,  the  unfoamed  panel  produced  a  rapid  signal  loss,  reaching  a  loss 
of  1.25  dB  for  the  8  GHz  signal  at  60  degrees  angle  of  incidence.  This 
signal  loss  was  not  apparent  for  the  foamed  panel.  This  panel  showed  al¬ 
most  uniform  transmission  across  the  0  to  60  degree  angle  of  Incidence 
range . 

In  general,  very  little  amplitude  changes  were  noted  with  the  Astrocoat 
layer.  The  improvement  of  the  transmission  characteristics  with  the  foam 
added  was  probably  due  to  better  impedance  matching  of  the  pyramidal  plate. 

The  phase  data  indicated  that  an  additional  phase  delay  of  about  10 
degrees  can  be  expected  when  the  0.020-inch  thick  Astrocoat  is  placed  on 
the  outer  surface  of  the  pyramidal  grooved  panel.  A  look  at  horizontal 
and  vertical  polarization  phase  delays  shows  that  they  were  essentially 
equal  for  all  angles  of  incidence  of  interest. 
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Pyramidal  Plate  After  Foamlm 


The  outer  surface  of  the  pyramidal  grooved  plate  was  covered  with 
a  low  density  PE -3  Isofoam  manufactured  by  Isocyanate  Products,  Inc.  The 
foam  was  used  only  for  experimental  purposes  and  it  is  not  recommended  for 
use  on  an  operating  antenna  window  or  radome.  The  foam's  purpose  was  to 
provide  a  smooth  aerodynamic  shape  to  the  pyramidal  grooved  panel. 

A  comparison  of  the  transmission  data  of  the  unfoamed  panel  with  the 
foamed  panel  (one  side  only)  showed  an  average  reduction  in  transmission 
amplitude  of  about  0.2  dB;  the  difference  between  the  two  is  greater  at 
angles  near  60  degrees  and  is  most  likely  due  to  the  edge  effects. 

The  vertically  polarized  wave  transmission  was  slightly  more  attenuated 
by  the  foam  panel  than  was  the  horizontally  polarized  wave.  On  the  average, 
only  about  0.15  dB  separated  the  two  sets  of  data. 

A  much  more  noticable  effect  was  seen  in  the  phase  data.  Generally, 
the  foamed  panel's  insertion  phase  delay  was  about  18  degrees  larger  at  zero 
degrees  Incidence  and  increased  to  a  value  of  29  degrees  for  angles  close 
to  60  degrees .  These  values  were  found  to  apply  to  both  polarizations . 

Both  polarizations  exhibited  very  nearly  the  same  phase  change  character¬ 
istics,  with  the  horizontally  polarized  waves  being  delayed  by  about  15 
degrees  more  at  large  off-axis  angles.  Typical  data  are  plotted  in  Figures 
13,  14  and  15  for  the  pyramidal  panel  with  and  without  the  foam  coating, 
foam  and  Mylar*  and  the  rain  erosion  coating.  The  insertion  phase  shift 
versus  incidence  angle  showed  a  smooth  increase. 


Curved  Panel  Measured 


a.  Transmission  Data 

The  transmission  data  for  the  cylindrically  shaped  grooved  panel 
are  presented  in  Appendix  B.  The  significant  results  are  (1)  the  panel  has 
excellent  broadband  transmission  characteristics,  and  (2)  there  is  a  lens 
effect  that  causes  the  transmission  amplitude  to  increase  over  that  of 
free  space  conditions. 

b.  Pyramidal  Horn  Radiation  Patterns 

The  radiation  patterns  of  a  pyramidal  horn  antenna  were  measured 
with  and  without  the  cylindrical  grooved  panel .  It  was  found  that  the 
amplitude  characteristics  of  the  horn  with /without  the  curved  panel  are 
very  similar.  The  phase  characteristics  are  about  the  same  to  incidence 
angles  up  to  ±  45°.  A  number  of  these  patterns  are  included  in  Appendix  B. 

c.  Air  Force  Array  Antenna  Radiation  Patterns 

The  grooved  cylindrical  panel  was  used  as  an  antenna  window  for 
an  Air  Force  furnished  array  antenna.  Radiation  pattern  measurement's  were 
performed  on  the  mid-band  array  which  had  equal  length  phasing  cables  to  the 
array  elements.  Typical  radiation  patterns  are  presented  in  Figures  16 
through  27.  At  each  measurement  frequency  (8  GHz,  9  GHz,  10  GHz,  and  11 
GHz)  three  radiation  patterns  were  run;  the  first  pattern  is  of  the  antenna 
array  without  the  cylindrical  broadband  panel,  the  second  is  of  the  Mid- 
Band  Array  mounted  flush  against  the  cylindrical  broadband  panel,  and  the 
third  is  of  the  array  mounted  at  the  center  of  curvature  of  the  cylindrical 
broadband  panel.  As  noted  in  the  radiation  pattern  plots,  the  panel  had 
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-Band  Array,  f  =  8  GHz. 


iSilSI 


Figure  17.  Radiation  Pattern  of  Mid-Band  Array  Mounted  Flush  with  Inner 
Surface  of  Broadband  Cylindrical  Panel,  f  =  8  GHz. 


Radiation  Pattern  of  Mid-Band  irray  Mounted  Toward  Rear 
of  Broadband  Cylindrical  Panel,  f  =  9  GHz. 
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Radiation  Pattc*--.  of  Mid-Band  Array  Mounted  Toward  Rear  of 
Broadband  Cylindrical  Panel,  f  =  9  GHz. 


iwp— tm~:  MHm\ 

ts 


I  MIIHm  . •  ••»■ 

«BBKIillKSS8aBi:| 


Kiii  iHii  him  i 

insn 

■  WMlj 

.iiissssssiii: 


luitSn!  tMiiktHi  !•**  ****  limit  natii 

i  n§  ji  iijli  1 mu  |||||  mu  , , 

1 8882  388  2S  0  88HS8  BBC**  *****  ^ 

!  sff  9”  ^  ^  a&ffiSE  siiiS  I 

■  m  MWWBHHfnHHBBwBWnBWBWHBHl 


usiSMEsa 


htitffifctf  ■**«  i  -:  "It  r  rr  i~1 


Figure  24.  Radiation  Pattern  of  Mid-Band  Array  Mounted  Toward  Rear  of 
Broadband  Cylindrical  Panel,  f  -  10  GHz. 
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Radiation  Pattern  of  Mid-Band  Array,  f  =  11  GHz 
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Figure  26.  Radiation  Pattern  of  Mid-Band  Array  Mounted  Flush  with  Inner 
Surface  of  Broadband  Cylindrical  Panel,  f  =  11  GHz. 
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Figure  27.  Radiation  Pattern  of  Mid-Band  Array  Mounted  Toward  Rear  of 
Broadband  Cylindrical  Panel,  f  =  11  GHz. 


very  little  effect  on  the  radiation  pattern  main  lobe  and  the  initial  side- 
lobes .  This  was  typical  of  the  broadband  panel  as  noted  on  numerous  radia¬ 
tion  pattern  measurement  plots  . 


d .  Curved  Panel  with  Fiberglass  Outer  Shell 

A  0.063-inch  thickness  fiberglass  shell  was  fabricated  to  simulate 
a  protective  coating  on  the  outer  surface  of  the  broadband  cylindrical 
panels.  Radiation  patterns  were  made  of  a  pyramidal  horn  with  the  curved 
panel  positioned  in  both  the  vertical  and  horizontal  planes.  The  horn 
was  positioned  approximately  one  inch  behind  the  curved  structure,  and 
pattern  distortions  due  to  reflections  and  surface  waves  were  noted.  The 
patterns  improved  considerably  with  the  placement  of  microwave  absorber  on 
the  rear  of  the  broadband  panel  flat  surfaces .  A  number  of  these  X-band 
radiation  patterns  are  included  in  Appendix  B. 


SECTION  V 


COMPARISON  OF  PREDICTED  DATA  TO  MEASURED  DATA 

The  analysis  of  Section  II  was  performed  in  order  to  model  a  particular 
grooved  panel  developed  by  Bassett  and  Huddleston  [1]  at  Georgia  Tech.  This 
panel  is  shown  in  Figure  28  and  is  made  by  cutting  triangular  wedges  into 
both  sides  of  a  flat,  solid  slab  of  dielectric.  Since  the  dielectric  pro¬ 
perties  of  this  panel  change  with  distance  into  the  panel  as  well  as  with 
direction  at  a  particular  point,  the  grooved  panel  is  both  inhomogeneous 
and  anisotropic.  The  objective  of  tapering  the  panel  is  to  provide  a 
gradual  dielectric  constant  transition  from  the  region  (usually  air) 
into  the  dielectric  and  then  a  gradual  transition  into  the  region 
(usually  air) .  This  type  of  tapering  should  provide  good  transmission 
characteristics  according  to  Richmond's  [4]  WKB  solution  for  inhomogeneous 
panels . 

The  dielectric  properties  of  the  panel  were  modeled  as  follows  [1],  The 
tapered  region  was  partitioned  into  a  set  of  contiguous  layers  as  shown  in 
Figures  29a  and  29b.  Each  of  these  trapezoidal  rods  was  then  replaced  by 
a  semi-infinite  strip  forming  the  dielectric  strip  array  shown  in  Figure  6c. 
The  dielectric  tensor  for  this  strip  array  can  be  determined  from  the 
analysis  of  Morita  and  Cohn  [9].  The  dielectric  constant  for  perpendicular 
polarization  (see  Figure  29c)  which  represents  K  and  K  for  region  d.  of 
Figure  28  is  given  by  the  zero  of  the  following  function: 


69 


(a)  Division  of  tapered  region  into  discrete  layers  (top  view) 


(b)  Representation  of  each  layer  as  rectangular  dielectric  strips 
of  finite  thickness  (top  view) 


(c)  Appropriate  case  from  analysis  of  dielectric  strip  array  of 
semi-infinite  depth  (perspective  view) 


Figure  29.  Steps  in  Determining  Dielectric  Constants  of  Layers  in 
Grooved  Dielectric  Panel. 


where 
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The  dielectric  constant  for  parallel  polarization  which  represents  for 
region  d^  of  Figure  28  is  given  by  the  zero  of  the  following  function: 


f  (K  ) 
II  II 


K 

II 


(63) 


and  A  and  B  are  defined  as  above.  Equations  (61)  and  (62)  can  be  solved 
using  Muller's  method,  Newton -Raphson  or  other  techniques.  By  using  an 
appropriate  change  in  terms,  (61)  and  (62)  can  be  used  to  determine  the 
K's  of  region  d3  of  Figure  28. 

The  above  dielectric  tensor  model  was  used  to  describe  the  panel  shown 
in  Figure  28 .  This  model  combined  with  the  analysis  of  Section  I  permits 
the  evaluation  of  transmission  and  reflection  properties  of  the  panel  for 
both  perpendicular  and  parallel  components  of  the  field  incident  on  the 
panel . 

Two  panels  of  the  type  shown  in  Figure  28  were  constructed  and  measured 
at  Georgia  Tech.  The  physical  characteristics  of  these  two  panels  are 
given  in  Table  I.  The  transmission  coefficient  and  the  insertion  phase 
delay  of  these  two  panels  is  presented  in  Figures  30  through  37.  A 
comparison  of  measured  and  predicted  values  is  given  in  Tables  II  and  III. 
From  Tables  II  and  III  it  can  be  seen  that  the  predicted  and  measured 


72 


TABLE  I 

PROPERTIES  OF  TWO  TESTED  PANELS 


Parameter 

Panel  1 

Panel  2 

Ki 

1.00 

1.00 

K 

2 

2.54 

2.54 

K3 

1.00 

1.00 

d^  (inches) 

0.625 

0.625 

d^  (inches) 

0.250 

0.250 

d^  (inches) 

0.625 

0.625 

2j&i  (inches) 

0.250 

0.125 

21^  (inches) 

0.250 

0.125 

transmission  coefficients  agree  with  ±  0.2  dB  while  the  insertion  phase 
delay  agrees  within  ±  4°  over  the  measured  2  to  35  GHz  range.  This  excellent 
agreement  indicates  that  the  analysis  and  dielectric  model  are  good  . 

Some  general  comments  can  be  made  regarding  the  transmission  charac¬ 
teristic  shown  in  Figures  30  through  37.  At  very  low  frequencies,  below 
1  GHz,  the  panel  begins  to  behave  as  a  thin  wall  radome  and  the  transmission 
coefficient  for  both  polarization  approaches  1/0° ■  At  around  2  to  2.5  GHz 
the  panel  is  roughly  Xq/4  thick.  The  tapers  are  not  electrically  long 
enough  to  permit  a  slow  change  in  dielectric  constant  from  free  space  to 
a  value  of  2.54  at  the  center  as  required  by  the  WKB  solution  [6]  .  Hence, 
a  substantial  reflection  occur r.  As  the  frequency  is  increased,  the  tapers 
look  longer  electrically  and  low  loss  transmission  is  obtained  with  this 
thick  wall  structure  as  expected  from  the  WKB  solution. 
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FREQUENCY  (GHz) 


FREQUENCY  (GHz) 


Component  for  Panel  No. 
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SECTION  VI 


PROBLEM  AREAS 

The  broadband  panel  Is  unique  in  its  bandwidth  capability,  but  problems 
have  been  encountered  in  its  fabricability,  in  its  low  frequency  operating 
characteristics,  and  in  the  shape  of  the  external  surface.  During  this 
program,  Rexolite  (K  =  2.54)  was  used  as  the  base  material.  All  of  the 
panels  were  machined  from  Rexolite  .  This  material  is  not  a  typical  flight 
material  for  radomes  and  antenna  windows,  although  it  could  be  used  on  a 
ground-based  application.  The  machining  process  is  laborious  and  is  not 
cost  effective.  For  applications  where  a  plastic  material  can  be  used,  the 
panel  could  be  built-up  from  small  elements  that  are  either  glued  or 
pressed  together.  Each  individual  panel  element  would  be  fabricated  by 
either  a  casting  or  molding  technique. 

Another  process  for  panel  fabrication  is  that  of  injection  molding. 

This  would  be  especially  applicable  to  a  ceramic  panel  such  as  slip-cast 
fused  silica.  A  pattern  mold  is  made  by  injection  molding.  This  mold  in 
turn  would  be  used  to  form  an  additional  mold  out  of  a  material  such  as 
paraffin  from  which  the  broadband  panel  would  be  formed . 

The  undesirable  feature  of  this  particular  broadband  panel  design  is 
che  thickness  requirement  for  operation  near  2  GHz.  The  1.5-inch  thickness 
panel  operates  well  above  4  GHz  and  does  so  only  if  the  base  material  has  a 
low  dielectric  constant  (less  than  4.0).  Even  with  this  thickness,  the 

density  of  the  material  is  approximately  0.63  g/cc  (Panel  No.  2).  The 

(eD 

pyramidal  plate  design  has  a  density  of  0.48  g/cc.  Since  Rexolite  has 


a  density  o£  1.05  g/cc.  the  weight  of  this  type  panel  1.  reduced  by  one- 
half  when  machined .  For  operation  near  2  GHz.  the  panel  would  approach  a 

thickness  of  3  Inches  based  on  the  current  design. 

The  non-smooth  exterior  surface  might  present  a  problem  in  some  flight 
environments.  It  la  not  likely  to  pose  much  of  a  problem  for  aircraft 
esc  since  It  has  been  shown  in  this  report  that  a  thin  covering  can  be 
used  without  degradation  of  the  panel  transmission  properties . 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


General  conclusions  drawn  from  the  research  work  performed  are: 

(1)  Bandwidths  of  10:1  are  readily  attainable  on  the  broadband  flat 
panels,  where  bandwidth  is  defined  as  the  frequency  range  of  90 
percent  or  greater  power  transmission  coefficient. 

(2)  The  difference  in  insertion  phase  delay  for  perpendicular  a..<J 
parallel  polarizations  is  minimal  for  angles  of  incidence  up  to 
60  .  This  implies  that  the  broadband  panel  will  operate 
satisfactorily  for  circularly  polarized  radiation. 

(3)  The  broadband  panel  operates  satisfactorily  in  a  curved  con¬ 
figuration  . 

(4)  The  panel  requires  a  thickness  of  approximately  1.5-inches  to 
operate  near  4.0  GHz  using  a  material  of  relative  dielectric 
constant  near  2.5. 

(5)  For  operation  below  4.0  GHz,  the  panel  thickness  requirement 
becomes  severe  for  most  applications.  In  addition,  a  weight 
penalty  would  necessarily  be  imposed. 

(6)  Rain  erosion  coatings  can  be  applitj  to  the  structure  without 
serious  degradation  of  performance . 

(7)  There  are  fabrication  techniques  that  are  readily  adaptable  to 
the  broadband  panel . 

(8)  A  computer  program  has  been  developed  which  allows  anisotrooic 
panels  to  be  fully  analyzed . 

Due  to  the  potential  use  of  this  type  structure,  specific  recommenda¬ 
tions  ’are  as  follows: 

(1)  A  radome  which  operates  from  8  GHz  to  40  GHz  should  be  fabricated 
from  a  typical  organic  material  such  as  polyimide -quartz  or  PRD-49 
and  tested  as  a  broadband  structure  and  as  a  boresight  radome. 

(2)  A  radome  which  operates  from  8  GHz  to  40  GHz  should  be  fabricated 
from  a  ceramic  material  such  as  slip-cast  fused  silica.  This 
radome  should  then  be  electrically  tested. 
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,3) 

the  overall  performance. 


„  «mi<rpmonts  for  dual  mode  radomes  (RF/IR) 
(4)  There  are  current  requirements  10  ootential  of  this 

™r.s=-:-s%rsi, ........ 
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APPENDIX  A 


EVALUATION  OF  PROPAGATION  CONSTANTS 
AND  DIRECTIONS  OF  PROPAGATION 

A  system  of  equations  will  be  derived  for  determining  the  propagation 

constants  and  the  directions  of  propagation  in  each  layer  of  the  anisotropic 

radome  panel  discussion  in  the  main  portion  of  the  presentation.  Each  layer 

is  assumed  to  be  linear,  homogeneous,  lossless,  charge  free,  and  possibly 

dielectrically  anisotropic.  The  evaluation  will  take  place  at  an  arbitrary 

interface,  z  =  i  -a  constant  as  shown  in  Figure  38. 
m 

A.  Derivation  of  Basic  Equations 

The  fields  in  each  region  will  be  the  sum  of  a  number  of  plane  waves 
traveling  in  different  directions  with  different  propagation  constants.  In 
the  m-th  region  the  electric  field  will  have  the  form 

E  «£e  e'j0mJ  "mj  ‘  r  (64) 

m  “  mj 

where  the  summation  index  j  includes  all  ordinary  and  extraordinary  waves 

no  matter  what  their  direction  cf  travel.  The  vectors  Emj  are  complex  constant 

vectors  representing  the  wave  amplitudes,  is  the  propagation  constant,  and 

n  is  a  unit  vector  in  the  direction  of  propagation. 

At  the  interface  z  =  z  the  phase  variations  in  both  the  x  and  y  direc- 

m 

tions  must  be  the  same  for  each  term  on  both  sides  of  the  interface.  Thus 


Bmj  Vj  '  Bmk  ”xnk 
9mj  "ymJ  '  Sink  "ymk 

°xmJ  '  S(l,,fl)k  "x(nrt-l)k 

"y  *  B(nrt-l)k  ny(mfl)k 


(65) 


(66) 

(67) 

(68) 


where  j  and  k  represent  any  pair  of  waves  in  the  two  media  and  the  x,  y,  z 
subscripts  on  n  represent  the  particular  rectangular  components  of  that  vector 
n.  According  to  Collin  [6,  p.  98],  if  the  permittivity  tensor  is  diagonal  in 
rectangular  coordinates  with  components  in  the  (m+l)st  region  of 


e  . ,  =  e  0 

m+1  o 


then  the  0's  and  n's  in  the  (m+l)st  region  satisfy  the  equation 

(02  -  K  k2)  (02  -  K  k2)  n2  K  k2 

"fl  ynH-l  °  zm+l  0  xmtl  xn*l  0 

2  2  2  2  2  2 

+<s‘  ,  -  K  k  )  (£\,  -  K  k  )  n  K  k 

Vl  °  "ri'1  Vl  0  Vl  yort-l  ° 

+cs2  - *  ol,  •  k  fc2)  "2  *  k2 

■fl  xnH-l  °  Vfl  °  zm+l  Vl  ° 


where  the  k  subscripts  denoting  a  particular  component  in  the  (mfl)st  region 
have  been  dropped  for  simplicity  and  kQ  is  the  free  space  propagation  constant. 
Since  is  a  unit  vector,  it  follows  that 

2  2  2 

n  =  1  -  n  -  n  (70) 

Zm+1  Xm+1  ym+l 

substituting  (67),  (68)  and  (70)  into  (69)  and  dropping  the  j  subscripts 
for  convenience  yields 
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(71) 


2  2  2  2 
+(0  .  -  *  kZ)  (8_, ,  -  *  k  ) 

m+1  x_, ,  o  m+1  y  o 

m+1  ■'m+1 


-  n  >K 


^  Zm+1 


Equation  71  shows  that  if  all  of  the  medium  parameters  are  known  and  if  8  and 
n  are  known  for  the  incident  wave  in  the  1-st  medium  (which  is  the  usual  case) 
then  the  3's  and  n's  for  all  regions  to  the  right  of  the  first  one  can  be  deter¬ 
mined.  This  last  statement  is  true  since  all  terms  in  (71)  are  known  in  the 
m-th  region.  Also,  Equation;;  67  ,  68  and  70  allow  n  ^  to  be  determined  from 

n  ,  8  ,  and  8  . ,  (all  of  which  are  known)  as 
m  m  m+1 
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Mm 
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B.  Properties  of  Propagation  Constant  Equation 

Some  of  the  properties  of  (71)  will  now  be  examined.  First  notice  that 

2  2 

(71)  is  a  cubic  equation  in  8  and  that  8  ■  0  is  always  a  solution. 

nrt-l  m+1 

2 

To  prove  this  last  statement  simply  substitute  8  =0  into  (71)  and  obtain 

m+1 


K  K  K 

Xm+1  ^m+1  Zm+1 


2  u.  * 

n  +  *C 


Xm+1  ^m+1  Zm+1  ^m 


+K  K  K  (-n2  -n2  )  -  0 

Xm+1  ^m+1  Zm+1  Xm  ^m 


Thus  there  are  only  two  nontrivial  solutions  for  in  (71).  Thus,  in  general, 

for  each  wave  incident  from  medium  m  onto  the  interface,  two  waves  are  produced 
in  region  m+1  each  having  different  values  of  8^  and  n^. 

The  second  property  that  will  be  proved  is  that  if  all  dielectric  constants 
are  positive  then 
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k  min(K  K  ,  K  ) 

0  Xm+1  ym+l  Vl 


<  k  max(K  ,  K  , 
Xmfl  ym+l 


The  validity  of  (73)  can  be  seen  from  Equation  (69).  If 
92  >  k2  max(K  ,  K  ,  K  ) 

”tl  °  W  W  2«n 

then  the  left  hand  side  of  (69)  is  positive  and  a  solution  of  (69)  does  not 
exist.  Similarly  if 

9 2  <  k2  min(K  ,  K  ,  It  ) 

”fl  °  xnH-l  W  zmtl 

then  the  left  hand  side  of  (69)  is  again  positive  and  no  solution  exists. 
Thus,  (73)  is  proven. 

Let  us  next  prove  that  there  is  only  one  incident  ordinary  and  one 

incident  extraordinary  wave  in  each'  region.  First  assume  that  there  is  only 

one  incident  ordinary  and  extraordinary  wave  in  region  m;  then,  the  most 

general  situation  in  region  (mfl)  is  one  in  which  four  waves  are  present. 

One  ordinary  and  one  extraordinary  wave  could  be  produced  for  each  of  the 

two  incident  waves.  These  four  waves  in  region  (mfl)  will  be  labeled  a 

through  d  as  shown  in  Figure  39.  We  must  show  that  a  and  c  are  the  same  and 

that  b  and  d  are  the  same.  From  (65)  and  (67)  it  follows  that 
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A  set  of  equations  similar  to  the  last  six  can  be  written  for  the  y  components 
of  the  direction  of  propagation  vectors. 

It  is  obvious  that 

o°a  goc  (80) 

m+1  m+1 


since  the  ordinary  propagation  constant  of  a  medium  is  independent  of  the 
direction  of  the  wave  [5,  p.  680].  Utilizing  (78)  and  (80)  it  can  be  seen 

that  the  right  hand  sides  of  (74)  and  (76)  are  identical.  Hence, 

oa  oc 

n  =  n 

Xm+1  Xm+1 

In  a  similar  manner  it  can  be  shown  that 

n°8  -  nOC 

7  m+1  ym+l 


(81) 


(82) 
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Hence  from  (72) 
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trri-1 
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From  (80)  through  (83)  it  follows  that  waves  u  and  c  are  identical  since 
they  travel  in  the  same  direction  with  the  same  velocity. 

Next  it  must  be  shown  that  waves  b  and  d  are  identical.  To  do  this  notice 

and  n 


that  both  of  these  waves  satisfy  (71)  but  with  different  3  ,  n 

m  x 


m 


'm 


values.  If  (71)  is  multiplied  by  3  and  then  (78)  and  a  corresponding 

m 

equation  for  the  n^  components  are  used,  it  can  be  seen  that  the  propagation 
constants  of  the  b  and  d  waves  satisfy  the  same  equation  and  so  are  the  same. 
Using  (78)  and  the  fact  that 


3eb 

nrt-1 
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in  (75)  and  (77)  reveals  that 
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In  a  similar  fashion  it  can  be  shown  that 


Hence  from  (72) 
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It  has  thus  been  proved  that  two  waves  incident  from  region  m  onto  region 
(nrf  1)  can  produce  at  most  two  incident  waves  in  region  (m+1).  Only  one  wave 
would  be  produced  if  region  (mfl)  were  isotropic.  This  situation  holds  true 
for  any  region  m  and  hence  holds  true  for  the  entire  panel.  It  is  of  course 
well  known  that  one  wave  incident  from  an  isotropic  region,  ie:  region  1, 
onto  an  anisotropic  region,  ie:  region  2,  will  produce  in  general  two  incident 
waves  in  region  2. 

The  proof  that  no  more  than  two  incident  waves  exist  in  each  region 

hinged  on  the  permittivity  tensor  being  diagonal.  An  example  of  such  a 

permittivity  tensor  is  one  describing  a  uniaxial  medium  in  which  the  optic 

axis  lies  either  along  the  x  or  y  coordinate  axes. 

Now  consider  the  case  of  a  panel  each  layer  of  which  is  uniaxial  and 

for  which  each  optic  axis  lies  along  either  the  x  or  the  y  axis.  In  the 

former  case  K  =  K  while  in  the  latter  tc  -  K  .  For  either  of  these  two 
y  z  x  z 

cases  it  can  be  seen  from  (A-8)  that 


is  one  of  the  two  nontrivial  solution^  ot  (71).  Since  (84)  is  Independent 
of  the  direction  of  propagation  it  represents  the  ordinary  wave  propagation 
constant  [5,  p.  680].  The  remaining  solution  of  (71)  must  represent  the  extra¬ 
ordinary  wave.  Next  notice  that  (84)  is  independent  of  direction  or  propaga¬ 
tion  in  the  other  layers.  Hence,  the  ordinary  0  may  be  determined  from  (84)' 
and  only  the  extraordinary  3  need  be  found  from  (71)  .  The  nonlinear  equation 
(71)  may  be  solved  using  Newton -Raphson,  Muller  or  oth'r  methods.  The  region 
over  which  to  search  for  the  solution  can  be  determined  by  examining  (73) 
and  (84)  . 


APPENDIX  B 


TYPICAL  RADIATION  PATTERNS  OF  CYLINDRICAL  PANEL 

The  six  figures  included  in  Appendix  B  are  representative  radiation 
pattarns  using  the  cylindrical  panel  as  an  antenna  window.  The  figures 
denote  the  amplitude/phase  characteristics  of:  (1)  the  test  horn  antenna, 
(2)  the  test  horn  antenna  placed  behind  the  cylindrical  grooved  panel, 
and  (3)  the  test  horn  behind  the  fiberglass  covered  cylindrical  grooved 
panel .  Both  horizontal  and  vertical  polarization  plots  are  shown  and 
these  were  measured  at  a  frequency  of  11.0  GHz.  As  noted,  the  cylindrical 
panel  was  positioned  horizontally  and  the  angle  of  incidence  was  measured 
from  a  vertical  plane  through  the  center  of  the  panel.  Very  little 
difference  in  amplitude  is  noted  for  the  patterns. 

The  radiation  patterns  of  the  horn  antenna  with  the  cylindrical  panel 
positioned  vertically  and  with  the  incidence  angle  again  measured  from  a 
vertical  plane  through  the  center  of  the  panel  showed  a  focusing  effect 
at  all  frequencies.  This  was  due  to  the  small  radius  of  the  panel.  These 
patterns  are  not  included  here  but  the  focusing  effect  occurred  at  all 
frequencies . 
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Phase/Amplitude  Plots,  Horn  Antenna  and  Cylindrical  Panel 
Horizontal  Polarization,  11  GHz:  Panel  Horizontal. 


fMI  Mill  mil  IMI I  tin  ■ 

in  i  . . in  mid  m*i  mu  mu  iiiinim  mu  mn  iiiumu  iwi mm  him  ujii  uii> 

in  i  mil  »mii  miii  iim  mm  mm  mi  mm  him  mm  mm  mn  imnnm  niM  mu  mu 
II*  Hill  Mill  MM  MM  MIN  HIM  Mil  MU  IIM  MM  MltnMNMIlMIM  MNI  MM  MNI  I 

i  IN  Mill  HIM  HIM  lllll  I'M  IMII  MM  MM  MM  MNI 

.  uni  mu  mil  mu  mi.  mnimniiimi  mm  minim  mu  mu  him  him  iini 
INN  INI  MM  MM  MM  MM  Hill  MM  Mil  HIM  MM  MM  INN  MM  MM  MM  MM  MNI 
mu  iii  iiiii  him  iiiii  mu  mn  mn  mu  him  mn  niiiilMMMmimilMiililll 

IIM  I  III  MM  MM  IIM  MNI  lllll  MNI  MIN  I  MM  IMI  WIN  MN  MM  INN  IIM  MM  MNI  I 
MM  I  MM«gMWMMMltMMMMHMMIIMIWMI>MMIMMliMWMWMI 
(Mil  MMMMMMM  mil  mn  mu  ihi>  him  mmiiii  uimmiuin  iimmu  mu 
urn  it  mu  iniuiMi  mu  mu  mu  mu  im  mmiiuiim  mum.  miumimu 

MNI  Hi  MNMMMIMN  MNI  Mill  Hill  (III)  MM*  MM*  MM  MNI  Wig  MMlHM  MM  MM 
Mill  HI  i  MIM INMIMW  MNINM  MM  MNI  IMMIMM  IIM  MNI  MM  INN  HIM  MM  lllll  I 


REFERENCES 


H.  L.  Bassett  and  G.  K.  Huddleston,  "Broadband  Radome  Techniques." 
Interim  Report  No.  1,  Georgia  Tech  Project  A-1333,  AF  Contract 
F33615-71-C-1694,  February  1973. 

K.  H.  Breeden,  et  al . ,  "Millimeter  Radome  Design  Techniques," 
Technical  Report  AFAL-TR-70-163 ,  Georgia  Tech  Project  A-1071,  AF 
Contract  F33615-68-C-1193,  August  1970. 

H.  L.  Bassett,  et  al.,  "Inorganic  Nose  Cone  Techniques  for  Sidelobe 
Reduction,"  Technical  Report  AFAL-TR-71-172,  Georgia  Tech  Project 
A-1220,  AF  Contract  F33615-70-C-1237,  July  1971. 

J.  H.  Richmond,  "The  WKB  Solution  for  Transmission  Through  In¬ 
homogeneous  Plane  Layers,"  IRE  Transactions  on  Antennas  and  Pro¬ 
pagation.  Vol.  AP-10,  pp.  472-473,  July  1962. 

M.  Born  and  E.  Wolf,  Principles  of  Optics.  New  York:  Pergamon  Press 
1964,  pp.  665-681. 

R.  E.  Collin,  Field  Theory  of  Guided  Waves.  New  York:  McGraw-Hill, 
1960,  pp.  97-102. 

J.  Strong,  Concepts  of  Classical  Optics.  San  Francisco:  W.  H. 
Freeman,  1958,  pp .  128-133. 

D.  S.  Jones,  The  Theory  of  Electromagnetism.  New  York:  Pergamon 
Press,  1964,  pp .  329-332. 


distribution  list 


AFAL/WRP  (Mr.  W.  P.  Eviston) 
WPAFB  OH  45433 


1 

1 

1 

1 

1 

1 

1 

1 


1 

1 

1 

1  Repro  +  10 
1 


AFAL/NVS 
WPAFB  OH  45433 


AFAL/NVT 

Wright-Patterson 


AFB, 


OH  45433 


AFAL/TSR 
WPAFB,  OH  45433 


ASD/ENVCD  Lester  Wagner 
WPAFB  OH  45433 


AFML/MANC  (Mr.  H.  S.  Schwartz) 
WPAFB  OH  45433 

SEG/SEACA  (Mr.  G.  Duree) 

WPAFB  OH  45433 

SEG(SEPI) 

WPAFB  OH  45433 

2750  AB  Wg/ SSI 

area  B  Technical  Library 

WPAFB  OH  45433 


ASD/ASNPD-30 

Wright-Patterson 


\FB  OH  45433 


AFML/LPE  (Dr.  WGD  Frederick) 
WPAFB  Ohio  45433 


AFML/LNE  (George  Schmitt) 
WPAFB  OH  45433 


AFAL/TEM- 3  P.  Springer 
WPAFB  OH  45433 


2750  AB  Wg/SSL 
WPAFB,  OH  45433 


Government 


Hq  USAF/SAMID 
Wash  DC 


1 

1 


1 

1 

1 


1 


1 

1 

1 

1 


1 

1 


AFOSR/SRE 

1400  Wilson  Blvd 

Arlington,  VA  22209 


APGC/PGVEP-3 
Eglin  AFB  FI  32542 


RADC/EMEA  (Hr. 
Griffiss  AFB, 


Curtis) 
NY  13442 


US AF  (AFCSAMI) 
Andrews  AFB 
Wash  DC  20331 


AFCRL(CRD) 

ATTN:  Mr.  Phil  Blacksmith 

Lawrence  G.  Hanscom  Fid 
Bedford,  MA  01730 

AFMDC  (Technical  Library) 
Holloman  AFB,  NM  88330 

AFMTC (Technical  Library) 
Patrick  AFB,  FL  32925 


AFWL  (WLRJ-Mr 
Kirtland  AFB, 


Moulds ) 

NM  87177 


Hq  USAF  (AFXSAI) 

Air  Battle  Analysis  Center 
Deputy  Director  of  Plans 
for  War  Plans 
Wash  DC  20332 


RTD(RTTC) 
Bolling  AFB  DC 


20332 


Air  University  Library 
Maxwell  AFB  AL  36112 


—  ■  — . 


Chief,  Technical  Library 
Office  of  Asst  Secretary  of  Def  R&D 
Room  3E  1065,  The  Pentagon 
Washington,  DC  20330 

U.S.  Army  Missile  Command 

ATTN:  Mr.  P.  A.  Ormsby,  AMSMI-RSM 

Redstone  Arsenal,  Alabama  35809 

Commanding  General 

U.  S.  Army  Missile  Command 

ATTN:  AMCPM-MDEM  (Glen  B.  Micholas) 

Redstone  Arsenal,  Alabama  35809 

Commander 

US  Army  White  Sands 
ATTN:  SIGWS-FC-02 

White  Sands,  NM  88002 

Mr.  Melvin  C.  Gilreath 
Mail  Stop  490 

NASA-Langley  Research  Center 
Hampton,  VA  23365 

Director 

Ballistics  Research  Laboratory 
ATTN:  Ballistics  Measurement  Lab 

Aberdeen  Proving  Ground  MD  21005 

Army  Materials  &  Mechanics 

Research  Center  (D.  R.  Messier) 
Arsenal  Street 
Watertown,  MA  02172 

Allen  Shipley 
Calstec 

Pictinny  Arsenal 
Dover,  N.  J.  07801 

Central  Intelligence  Agency 
Code  SAN 
2430  E  NW 
Wash  DC  20505 


Scientific  &  Tech  Info  Fac 
ATTN:  NASA  Rep  (SAK/DL) 

P.  0.  Box  5700 
Bethesda,  MD  20014 


Naval  Air  Systems  Command 
(AIR-52032- A  (Charles  F.  Bersch) 
Wash  DC  20360 

Harry  Diamond  Labs  (Howard  Jones) 
Dept  of  the  Army 
Connecticut  Ave  &  Van  Ness  St. 
Washington,  DC  20438 

U.  S.  Army  Missile  Command 
AMSMI-RLP  (Kenneth  N.  Letson) 
Redstone  Arsenal,  Alabama  35809 

Air  University  Library 
Maxwell  AFB  Ala  36112 

AFAL/TSR 
WPAFB  OH 

DDC 

Cameron  Station 
Alexandria  Virginia  22314 


Aerospace  Corporation 
Technical  Library 
P.  0.  Box  92957 
Los  Angeles,  CA  90009 

The  Boeing  Company 
ATTN:  T.  La-ry  Norin 

P.  0.  Box  3999 
Seattle  WA  98148 

Boeing  Aerospace  Co. 
ATTN:  Robert  W.  Sutton 

P.  0.  Box  3999 
Seattle  WA  98148 


Companies 

1 


Boeing  Company 

ATTN:  Mr.  Donald  P.  Hutchinson 

3801  South  Oliver 
Wichita,  KS  67210 

Emerson  Electric  Company 
Electronic  &  Space  Division 
8100  Florissant  Avenue 
St.  Louis,  MO  63136 

Brunswick  Corporation 
ATTN:  Mr.  Arthur  Thompson 

Technical  Products  Division 
Marion  VA  24354 

General  Dynamics /Electronics 
P.  0.  Box  81127 
ATTN:  Mr.  Gus  Tricoles 

3302  Pacific  Coast  Highway 
San  Diego,  CA  92112 

General  Dynamics, 

Electro  Dynamics  Division 
ATTN:  J.  H.  Rizley 

P.  0.  Box  2507 
Pomona,  California  91766 

General  Electric  Co. 

Valley  Forge  Space  Center 
P.  0.  Box  8555 
ATTN:  Antenna  Dept 

Philadelphia,  PA  19100 

Lockheed  Missiles  &  Space  Company 
ATTN:  *•' .  M.  Beasley  Sr. 

Dept  52-30  Bldg  103 
P.  0.  Box  504 
Sunnyvale,  Calif  94088 

Martin-Marietta  Corp. 

ATTN:  Mr.  J.  David  Shipley 

(Mail  Point  468) 

P.  0.  Box  5837 
Orlando,  Florida  32805 

Texas  Instruments,  Inc. 

ATTN:  Don  Purington  Antenna  &  Microwave 

Division 

P.  0.  Box  6015 
Dallas  Tx  75222 


Companies 


1 


1 


1 


1 


1 


1 


Brunswick  Corp 
ATTN:  John  B.  Styron 

Marion ,  VA  24354 


RCA/Government  &  Commercial  Systems 
ATTN:  E.  Tahan 

Aerospace  Systems  Division  nlg03 
p.  0.  Box  588  Burlington  MA  01803 


t 


The  Magnavr x  Co 

ATTN:  E.  Swartz 

Government  &  Industrial  roup 

Fort  Wayne,  Indiana 


North  American  Rockwell  Corp 
ATTN:  R.  Craig  Sparling 

Los  Angeles  International  Airport 


T.ob 


An  op  1 es .  CA  90009 


McDonnell  Douglas  Corp 
ATTN:  George  J.  Cossell 

Douglas  Aircraft  Co. 

3855  akewood  Boulevard 
Long  Veach  CA  90801 


Hughes  Aircraft 
Aerospace  Group 
Culver  City,  CA 


Co . 

(Robert  W.  Jones) 


Motorola  Inc. 

Government  Electronics 
ATTN:  Donald  Lee  Loyet 

8201  E  McDowell  Road 
Scottsdale,  Ariz  85252 


Division 


r 


S' 


Universities 

1 


4 


1 


University  of  Michigan 
ATTN:  Mr.  Ralph  Hiatt 

201  Catherine  Street 
Ann  Arbor,  MI  48104 


Georgia  Institute 
Engineering  Exper 
Atlanta,  GA  30332 


of  Technology 
iment  Station 


Ohio  State  University 
ATTN:  Dr.  R.  C.  Rudduck 

1320  Kinnear  Road 
Columbus,  OH  43212 


SFCURITy  CLASSIFICATION  OF  THIS  PAGE  *h»n  Data  Fntarad) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

t  REPORT  NUMBER 

AFAL-TR-74-128 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NUMBER 

4  TITLE  (and  Subtitle) 

BROADBAND  RADOME  TECHNIQUES 

S.  TYPE  OF  REPORT  A  PERIOD  COVERED 

Final  Technical  Report 

May  1971  -  May  1974 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7  authorc*; 

H.  L.  Bassett,  D.  G.  Bodnar,  G.  K.  Huddleston, 
and  J.  M.  Newton 

S.  CONTRACT  OR  GRANT  NUMBERS 

F33615-/1-C-1694 

9  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

AFAL/TEM  3 

Wright-Patterson  Air  Force  Base,  Ohio  45433 

10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  «  WORK  UNIT  NUMBERS 

20020408 

1  1  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

12.  REPORT  DATE 

May  1974 

13.  NUMBER  OF  PAGES 

14  MONITORING  AGENCY  NAME  A  ADDRESSf//  dlllerant  trom  Controlling  Olllea) 

IS.  SECURITY  CLASS,  (ol  thla  raport) 

Unclassified 

IS*.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 

16.  OlSTR  Su  i'ION  STATEMENT  (ol  thla  Raport) 

Distribution  limited  to  U.  S.  Government  agencies  only,  test  and  evaluation 
results  reported.  Other  requests  for  this  document  must  be  referred  to 
AFAL/T£M,  Wright-Patterson  Air  Force  Base,  Ohio  45433 


17  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  If  dltterent  from  Report) 


18.  SUPPLEMENTARY  NOTES 


19  KEY  WORDS  t Continue  on  revaraa  side  il  necessary  and  Identify  by  block  number) 

Broadband  Radomes 
Electromagnetic  Windows 
Anisotropic  Dielectric  Pane 


20  ABSTRACT  f Continue  on  reverse  side  It  necessary  and  identity  by  block  number) 

The.  significance  of  this  research  and  development  to  the  Air  Force  is  that 
a  new  type  of  electromagnetic  window  panel  was  designed  and  tested  that  ex¬ 
hibited  a  bandwidth  of  10:1  or  greater.  Empirical  data  are  included  on  both 
flat  panels  and  curved  panels  .  A  typical  panel  that  operates  from  4  GHz  to 
40  GHz,  having  90  percent  or  better  transmission  coefficient  from  0°  to  60° 
angle  of  Incidence  range,  is  1.5-inches  in  thickness.  The  inner  and  outer 
surfaces  of  the  panel  are  either  grooves  or  pyramids .  This  type  panel  design 


DD  ,:=r73  1473  EDITION  OF  I  NOV  65  IS  OBSOLETE 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  'ItJirn  Data  Fnl rrr.h 


,  — - - - - 

StCuH  T  V  ct  ATIQN  CF  TH  $  PkGE'Hhtt:  i**t»  £nttt*<l) 

20  lias  excellent  circular  polarization  characteristics,  since  the  amplitudes 
of  the  parallel  and  perpendicular  components  are  near  equal  and  since  the 
insertion  phase  delays  for  the  two  components  are  approximately  the  same. 
Antenna  radiation  pattern  measurements  are  included  that  also  verify  the 
broadband  characteristics  of  these  panels.  Data  are  also  presented  on  a 
computer  analysis  program  of  transmission  through  an  anisotropic  media. 
The  analytical  results  compare  favorably  with  the  measured  data. 


* 


SECURITY  CLASSIFICATION  of  THIS  PAOEfH’htn  D«(»  Fnlttrd) 


